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Abstract 
Lignin depolymerization is a very promising process which can generate value-added products from lig-
nin raw materials. The main objective of lignin depolymerization is to convert the complex molecules of 
lignin into small molecules. Nevertheless, lignin is natural polymer which the molecules of lignin are 
extremely complicated due to their natural variability, and it will be a big challenge to depolymerize 
lignin, particularly high water yield. The various technology and methods are developed to depolymer-
ize lignin into biofuels or bio chemical products including acid/base/metallic catalyzed lignin depoly-
merization, pyrolysis of lignin, hydroprocessing, and gasification. The distribution and yield of chemi-
cal products depend on the reaction operation condition, type of lignin and kind of catalyst. The reactor 
type, product distributions and specific chemicals (benzene, toluene, xylene, terephthalic acid) produc-
tion of lignin depolymerization are intensive discussed in this review. Copyright © 2020 BCREC 
Group. All rights reserved 
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Review Article 
1. Introduction 
Biopolymers already enhanced environmen-
tal problem than synthetic polymer, due to the 
climate change. Lignin is one of the essential 
components in biomass, and it can be converted 
into value added chemical. The second abun-
dant of biomass in this planet is lignin, which is 
not a polysaccharide. Lignin contributes for 
strength of cell walls [1]. Furthermore, lignin 
can be taken a place of renewable source for en-
ergy, chemicals and materials [2]. The lignin 
has high content of aromatic subunits. The 
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structure of lignin provides an energy density 
up to 30% higher than that of cellulosic poly-
mers. Therefore, it makes lignin to be one of the 
few natural sources of aromatic molecules [3]. 
The structures of lignin are among hemicellu-
loses and cellulose micro-fibrils to create the 
mechanical backbone of vascular plants [4]. 
There is various type of lignocelluloses, which 
contain the different polymers. In hardwood 
stem, the xylem normally contains 40–55% of 
cellulose, 24–40% of hemicellulose and 18–25% 
of lignin, whereas the softwood stem contains 
45–50% of cellulose, 25–35% of hemicellulose 
and 25–35% of lignin [5]. The total production 
kraft pulp worldwide approximately is up to 130 
million tons. Furthermore, the production of lig-
nin was estimated 70 million tons, which is 
available for utilization and valorization [6]. 
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Furthermore, lignin will be a serious problem 
for pulp and paper industries [6-8]. The range 
of global production technical lignin approxi-
mately 1.65 Mt/y (except bioenergy production) 
which the lead of lignin production comes from 
lignosulfonates up to 80% of the market, and 
the major applications are surfactants, bonding 
agents for palletization, dispersants in ceram-
ics and concrete admixtures [2]. 
Even though lignin is promising as a renew-
able source for value added product. Lignin 
have a huge issue for depolymerization process 
furthermore the wide range of various inter-
unit linkages and the linkages of lignin for in-
stance, low selectivity to get desired the prod-
uct, separation, purification and char formation 
[9]. They will be affected on the limitation for 
scaling-up implementation of lignin goods as 
raw material to obtain valuable chemicals. In 
general, the products of lignin depolymeriza-
tion are mainly solid char, liquid oil and gases, 
which compositions are different by using dif-
ferent depolymerization methods, such as: cata-
lytic reaction, thermal pyrolysis, hydropro-
cessing, and gasification. It is rarely discussed 
or reviewed the contents of solid char, liquid 
oil, and gases are obtained by using the differ-
ent depolymerizations. The phenolic compound 
was mainly chemicals in the liquid oil, but they 
are complicate and low percentage or cost. Fur-
thermore, the production of specific high-value 
chemicals directly obtained from lignin depoly-
merization and the prevention of water produc-
tion because of high oxide content in lignin are 
key issues. Hence, this review paper focuses on 
the three topics as follows: (i) to take a place 
from lignin transformation process for the low 
chain carbon production of biofuels that cur-
rently based on petroleum oil in the future bio 
refineries; (ii) to show the product distribution 
for various method of depolymerization lignin 
and distribution of lignin products for instance, 
acid/base catalyzed, metallic, hydroprocessing, 
pyrolysis, and gasification, and (iii) to discuss 
the specific of distribution product of lignin 
with different type and operation condition of 
lignin, particularly water content, benzene, tol-
uene, and xylene (BTX), and terephthalic acid 
(TPA). 
 
2. Properties of Lignin 
One of the major components natural ligno-
cellulosic of cell wall and the second most abun-
dant plant polymers in our earth is lignin [10]. 
The source of lignin can be classified as native 
and synthetic lignin. Native lignin can be found 
in nature, and always exists as part of lignocel-
lulose. The lignocellulose biomass is split up in-
to aqueous sugar solution containing sugar 
monomers for instance glucan or xylan by the 
decomposition of cellulose and hemicellulose, 
and solid lignin after saccharification process. 
Especially, a significant amount of waste lignin 
is likely to by produced as by-product once bio-
butanol production process from waste wood 
[11]. Lignin can be classified based on the type 
of preparation methods, isolated lignin frag-
ments can be divided into Klason lignin, milled 
wood lignin, enzymatic hydrolysis lignin, enzy-
matic/mild acidolysis lignin, acid lignin, alkali 
lignin, Kraft lignin, organosolv lignin, and lig-
nosulfonate. The different fragments of lignin 
depend on the corresponding molecular 
weights, -O-4 linkage contents, as well as ra-
tio of syringylpropane (S) to guaiacylpropane 
(G) [12]. The most common linkages in the 
polymerization process are -O-4-aryl ether 
bonds. Moreover, the other important linkages 
include -5-phenylcoumaran, 5–5-biphenyl, 4-
O-5-diaryl ether, -1-(1,2-diarylpropane), -O-
4-aryl ether, and –-resinol linkages [13]. 
Lignin was described by isolation process in 
1956 [14]. Lignin is able to isolate from the lig-
nocellulosic raw materials by a variety of meth-
ods with different mechanical and chemical 
processes. The isolated method of lignin can be 
divided into two major pathways. The first 
group is to remove cellulose and hemicelluloses 
by solubilization and then, remove insoluble 
residue of lignin, and the second group involves 
the dissolution and removal of lignin, leaving 
cellulose and hemicelluloses as insoluble resi-
dues, followed by the recovery of lignin from 
the solution [15]. For first invention of isolation 
of lignin, lignin was extracted with dioxane - 
water (96:4) from spruce wood for 6 weeks. The 
monolignols of lignin was found as precursors, 
such as: pcoumaryl, coniferyl, and sinapyl alco-
hols. They are hydroxycinnamic alcohols con-
taining an aromatic ring [14]. Furthermore, 
the main source of synthetic lignin from indus-
tries is kraft lignin, and there are several other 
types of lignin sources like hydrolysis lignin, 
organosolv lignin, and pyrolytic lignin. Syn-
thetic lignin from the industrial by-product can 
be directly used as feedstocks for another 
chemicals production. For instance, aliphatic 
and aromatic hydroxyl groups are the main 
feedstocks. Moreover, it also can be used as 
polyols for producing the polyurethane and re-
place 30% of petroleum-based polyols during 
the polyurethane production [5]. 
The production process of kraft lignin is 
started from wood-pulp, and then, the wood – 
pulp added in Na2S/NaOH solution, which is 
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called white liquor. The temperature range of 
kraft lignin production is 155–175 °C for      
several hours. The lignin dissolved is 90–95% 
during the reaction. In addition, lignoBoost is a 
well-proven technology for commercial-scale 
kraft lignin recovery. This process enables 
high-purity lignin production with rather low 
ash and carbohydrate contents [16]. On the 
other hand, the organosolv lignin is potential 
source of lignin and able to be dissolved in the 
organic solvent under certain condition. The 
advantages of organosolv process is their abil-
ity to produce high-purity lignin from biomass 
and sulphuric-free and less modification which 
favor to the downstream process during the 
production [5], but the yield of lignin is low in 
this process.  In addition, hydrolytic lignin is a 
residue from bioethanol production. Cellulose 
in the lignocellulose is fermented to become bi-
oethanol by various enzymes. Whereas, the 
linkage of lignin is extremely complex and hard 
so that lignin can’t react with the enzyme. 
Therefore, the residue from bioethanol produc-
tion become hydrolysis lignin. The production 
of hydrolysis lignin can be used for sorbents 
and resin etc. [17].  
Lignin can be classified into several catego-
ries for instance, Type–G (softwood lignin), 
Type–G–S (hardwood lignin) and Type–H–G–S 
(grass lignin). The symbol of G, S, and H are 
represented as guaiacylpropane, syringylpro-
pane, and phydroxyphenylpropane, respective-
ly.  Despite that, the structure of lignin matrix 
has different linkages (aryl– or alkyl–ether, es-
ter and C–C) with various functional groups   
(–OH, – OCH3, C=O, –C–OH, propyl moiety) 
resulting in extremely convoluted lignin struc-
tures [18]. Furthermore, natural polymers, 
such as lignin linkages, are very complicated 
due to their natural variability. Lignin is not 
yet able to be isolated in its unaltered state so 
that the structure of photo – lignin is still rela-
tively unknown [19]. 
In general, the structure of lignin is a three-
dimensional amorphous polymer consisting of 
methoxylated phenylpropane. The total of lig-
nin compound and molecular weight will be dif-
ferent and it depends on kind of plant, with lig-
nin abundance generally decreasing in the or-
der of softwoods (27–33 wt%) > hardwoods (18–
25 wt%) > grasses (17 – 24%) [13,20]. The bio-
synthesis of lignin is thought to involve the 
  Cellulose Hemicellulose Lignin Refs. 
Subgroups D-pyran glucose 
units 
D-xylose, mannose, 
L-arabinose,galactose, 
glucuronic acid 
guaiacylpropane (G), 
syringylpropane (S), phy-
droxyphenylpropane 
(H) 
[25,26] 
Bonds within 
subgroups 
-1,4-glycosidic 
bonds 
-1,4-glycosidic bonds 
in main chains; -1.2- 
-1.3-, -1.6-glycosidic 
bonds in side chains 
Various ether bonds and 
carbon-carbon bond, 
mainly -O-4 ether bond 
[25,26] 
Polymerization 100 to 10000 Less than 200 4,000 [25,26] 
Polymer -glucan polyxylose, 
galactoglucomannan 
(Gal-Glu-Man), 
glucomannan (Glu-
Man) 
G lignin, GS lignin, GSH 
lignin 
[25,26] 
Component 
mixture 
three-dimensional 
linear molecular 
composed of the 
crystalline region 
and the amor-
phous 
region 
three-dimensional 
Inhomogeneous molecu-
lar with a small crystal-
line region 
amorphous, inhomogene-
ous, nonlinear 
three-dimensional 
polymer 
[25,26] 
Bonds between 
three compo-
nents 
without chemical 
bond 
contains chemical bond 
with lignin 
contain chemical bond 
with hemicellulose 
[25,26] 
Table 1. Composition and configuration of cellulose, hemicellulose and lignin in the cell walls of 
plants. 
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polymerization of three primary monomers: p-
coumaryl, coniferyl, and sinapyl alcohols [21]. 
Furthermore, -O-4 linkage is the most domi-
nant of linkage in lignin [21]. The total linkage 
of softwood lignin for -O-4, -O-4, -5, 5-5, 4-
O-5, -1, and - are 50, 2-8, 9-12, 10-11, 4, 7, 
and 2% respectively [22]. The hardwood con-
tains more -O-4-linkages than softwood. There 
are various functional groups in the structure 
of lignin including methoxyl, phenolic hydroxyl, 
aliphatic hydroxyl, benzyl alcohol, noncyclic 
benzyl ether and carbonyl groups which result 
in reactivity of the lignin in various chemical 
reactions [13]. The most frequent coupling link-
ages in the polymerization process are -O-4-
aryl ether bonds. The other major linkages in-
clude -5-phenylcoumaran, 5–5-biphenyl, 4-O-
5-diaryl ether, -1-(1,2-diarylpropane), -O-4-
aryl ether, and –-resinol linkages [13]. The 
energy content of lignin has been studied by 
White and Plasket 1981 with the total energy 
content approximately 25.5 MJ/kg, which is 
considerably higher than that of cellulose [23]. 
The phase transition temperature of lignin 
with the temperature range number of melting 
points is about 90–193 °C. The glass transition 
temperature of cellulose is up to −27 °C and the 
temperature differences is between 240 and 
244 °C. On the other hand, the melting point of 
hemicellulose is dramatically dependent of the 
various of plant biomass, and not more than 
167–181 °C [24]. Table 1 lists the composition 
and configuration of cellulose, hemicellulose 
and lignin in the cell walls of plants. The chem-
ical linking between hemicellulose and cellu-
lose is lignin which contains a small amount of 
carbohydrates besides that the chemical link-
ing between hemicellulose and lignin mostly in-
dicated to the chemical linking between galac-
tose and arabitose residues on the side chains 
of hemicellulose molecules and lignin, and car-
bohydrates [25]. 
The type of reaction of lignin are separated 
into two main forms for example, nucleophilic 
reactions and electrophilic reactions. The link-
ing unit of chemical reaction occurs on the side 
chain. It can conduct the nucleophilic reactions 
with lignin in alkaline media which reagents 
are led on HO-, HS-, and S2- nucleophilic to 
break the primary chain with fragmentation 
and partial dissolution of macromolecule lig-
nin. Furthermore, in neutral medium, the reac-
tion with nucleophile HSO3- or SO32- leads to 
split the other chain, which produces SO32- 
groups in the depolymerization of lignin frag-
ments. On the other hand, the acid media 
mostly related to fragmentation of acid sulfite 
pulping process. SO2 solution is taken as an af-
finity reagent, leading to the breakage of phe-
nol-type and nonphenolic -aryl ether linking 
chain, sulfonation of -carbon, and to increase 
lignin hydrophilicity [27]. The density of lignin 
is approximated between 1.35 and 1.50 meas-
ured using water at 20 °C. Furthermore, the 
relative density of sulfuric acid lignin isolated 
from pine is 1.45 and 1.44 by using benzene 
and the density of dioxane lignin approximate-
ly is 1.33 and 1.39 measured by using water 
and dioxane. The different type reparation of 
lignin has different relative densities, e.g. the 
relative density of pine glycol lignin is 1.36, but 
it is 1.35 for pine hydrochloride lignin [28]. 
 
3. Method to Depolymerization Lignin  
Lignin degradation can be influenced by 
thermochemical method, kind of solvents, 
chemical addictive and catalysts. The technolo-
gies of degrading lignin are pyrolysis, hydro-
processing, acid/based-catalyzed depolymeriza-
tion, oxidation, etc. The products of pyrolysis 
Figure 1. Scheme of product distribution in depolymerization of lignin [13,32]. 
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are mainly solid char, liquid oil and gases. The 
yield percentage of product distribution de-
pends on temperature and heating rate [29]. 
Figure 1 illustrates the scheme of product dis-
tribution in depolymerization of lignin. For de-
polymerization of lignin using a base catalytic 
reaction further by hydroprocessing, the major 
product is C7–C10 alkylbenzenes. The non – re-
active solvent can be used in the hydrotreat-
ment process in order that the amount of heat 
released within a catalyst bed is reduced due to 
a lower concentration of oxygen atoms in the 
combined feed corresponding to the bio-origin 
feed and the solvent [30]. The catalytic reactivi-
ty of biomass degradation was studied firstly 
by means of thermogravimetric analyzer 
(TGA), and then obtained the kinetic parame-
ters and activation energies of biomass degra-
dation [7,31]. 
Lignin depolymerization is the most poten-
tial method which can generate value-added 
products from lignin raw materials to convert 
the complex lignin compound into small mole-
cules for fuels and basic chemicals or oligomers 
for further application [19]. Furthermore, there 
are several technologies to depolymerization of 
lignin by catalytic/depolymerization, such as: 
pyrolysis, cracking, hydrolysis, dehydroxygena-
tion, reduction and oxidation processes, to pro-
duce various aromatic value–added monomeric 
unit or biofuels. Moreover, the biological meth-
ods have also been applied for the degradation 
of lignin, such as: (1) enzymatic oxidation. or 
(2) microbial conversion by microbes, bacteria, 
fungi, and termites capable of decomposing bio-
mass to perform their metabolic functions [33]. 
Besides that, fast pyrolysis of lignocellulose is a 
thermochemical method to convert dry biomass 
to liquid, solid and gas products. In general, the 
fast pyrolysis is carried out with the tempera-
ture reaction 500 °C at atmospheric pressure 
with a residence time very quickly and the 
products distribution depend with reaction 
temperature, heating rate and lignin feed-
stock’s compound. The yield of bio–oil from py-
rolysis of lignocellulose approximately 75% and 
the total carbon, hydrogen and oxygen by ele-
mental analysis were approximated 66%, 6% 
and 27%, respectively [13]. 
In general, lignin depolymerization occur in 
an aqueous phase, organic phase or dry form. 
Whereas, the hydrogenolysis of natural lignin 
in the non-fractionated biomass, depolymeriza-
tion of the isolated lignins results in a complex 
mixture of aromatic compounds in which the 
individual mass fraction of each compound 
barely exceeds few percent [13]. Mullen and 
Boateng studied for different source of lignin, 
such as: Asian, Lignol, and Bagasse lignin, 
which pyrolytic temperature was up to 650 °C 
by a analytical method of pyrolysis (GC-MS). 
The average yield of products was ~18% of non-
condensable gases, ~15% of char and ~65% of 
condensable gases. The yield sequence of liquid 
products was phenol < cresol < guaiacol < 4-
methyl guaiacol < syringol. Furthermore, the 
percentage of abundance gases were CO2 (9%), 
H2O, CO (5%), CH4 (1.4%), CH3OH and smaller 
amounts of higher hydrocarbons [34,35]. 
 
3.1 Base-catalyzed Lignin Depolymerization 
In general, base-catalyzed lignin depolymer-
izations were carried out at temperature above 
300 ∘C and a high pressure, which catechol, sy-
ringol, and derivatives were identified to be the 
most abundant components [36]. Miller et al 
reported alkali depolymerization of lignin us-
ing water as solvent. They found that the most 
important factor leading lignin depolymeriza-
tion was base concentration. Therefore, they 
observed that molar excess of a strong base 
gave better results on lignin depolymerization 
[37]. Some literatures had been studied about 
the product of lignin depolymerization, such as: 
a complex phenolic mixture of alkylated and 
polyhydroxylated phenol compounds, as well as 
volatile components and char [32]. 
The base catalysts are cheap and commer-
cially available bases, such as: LiOH, NaOH, 
and KOH [32]. More specifically depolymeriza-
tion of lignin and the hydrothermal reaction 
are conducted in the presence of water at an al-
kaline solution (pH > 8) and reaction tempera-
ture of 200–300 °C with a noble metal catalyst 
on carbon support as reported by Stephan et al. 
[38]. Chen and Koch studied the reaction of lig-
nin with a hydrogenation catalyst under a hy-
drogen atmosphere to form a mixture, which 
was conducted in the lignin hydrolysis and aro-
matic hydrogenation at pressure of 3.4–14 MPa 
and temperature of 325–450 °C. Its products 
included water and an intermediate product 
(naphthenes and cyclohexane alcohols). The in-
termediate product was reacted with a deoxy-
genation and a dehydrogenation catalyst to 
generate a product stream comprising aromatic 
and phenolic compounds. The depolymerization 
process of the lignin with hydrogenation cata-
lyst forms a mixture at pH greater than 6 [39]. 
Table 2 lists the effect of base-catalyzed re-
action with major product, such as: guaiacol, 
catechol. The reaction temperature is operated 
at around 300 °C and high pressure (>34 atm). 
Currently yield of major product is lower than 
20%. For example, Katahira et al. investigated 
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Lignin 
Base 
Catalyst 
Reaction 
Condition Major Product 
Yield 
(wt%) 
Ref. 
T (°C) P (atm) 
Kraft lignin 5 wt% NaOH 270-315 128.3 pyrocatechol 0.5 – 0.9 [19] 
Organosolv lignin 2 wt% NaOH 300 246.7 syringol, 
hydroxyacetophenone, 
guaiacol 
4.1 
1.6 
1.1 
[19] 
Organosov olive 
tree pruning lig-
nin 
4 wt% 
NaOH, KOH, 
Ca(OH)2, Li-
OH, K2CO3 
300 888.2 catechol 0.1 – 2.4 [19] 
Steam explosion 
hemp lignin 
5 wt% NaOH 300-330 34.5 guaiacol 
gatechol 
vanilin 
0.9 – 2.8 
0.8 – 3.0 
0.5 – 0.8 
[19] 
Steam explosion 
softwood lignin 
5 wt% NaOH 300-330 34.5 guaiacol 
gatechol 
vanilin 
1.2 – 2.1 
0.1 – 3.2 
0.3 – 0.5 
[19] 
Organosolv lignin NaOH 300   monomeric phenol 5 - 20 [32] 
Steam explosion 
lignin 
NaOH 300-330 88-129 monomers, dimers 
and trimmers 
70 [32] 
Kraft lignin from 
soft wood 
NaOH 315 NA gas, small organic 
compounds, aromatic 
monomers 
19.1 [32] 
HCl lignin Alkaline 250 NA monomeric phenol 16-18 [32] 
Alcell lignin Various inor-
ganic bases 
290 NA monomeric phenol NA [32] 
Poplar wood saw-
dust 
NaOH 180 NA low molecular phenol 
compound 
21.8 – 53.2 [32] 
Deacetylated corn 
stover/disk re-
fined/EH residue 
(DDR-EH) 
2% NaOH 300 NA phenol benzenediols 
acetophenone 
non- aromatic ketones 
  [40] 
Acetosolv pulping 
lignin 
4 wt% NaOH 300 88.8 4-methylcatechol 
catechol 
phenol 
5.72 ± 0.02 
6.25 ± 1.20 
1.04 ± 0.12 
[37] 
Formosolv pulping 
lignin 
4 wt% NaOH 300 88.8 catechol 
4-methylcatechol 
3-methylcatechol 
phenol 
11.8 ± 1.68 
7.00 ± 0.73 
4.40 ± 0.24 
1.34 ± 0.66 
[37] 
Acetosolv / formo-
solv pulping lignin 
4 wt% NaOH 300 88.8 catechol 
4-methylcatechol 
3-methylcatechol 
phenol 
7.80 ± 1.24 
6.21 ± 0.91 
3.76 ± 1.01 
0.96 ± 0.17 
[37] 
Table 2. Base – catalyzed lignin depolymerization. 
NA: Data Not Available. 
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the depolymerization of lignin using base cata-
lyst and NaOH (2–4 wt%) at 270–330 °C. The 
base-catalytic depolymerization products from 
deacetylated corn stover / twin screw Refined / 
EH residue (DTSR-EH) have higher contents of 
non-aromatic ketones then but the products 
from deacetylated corn stover/disk refined/EH 
residue (DDR-EH) have the high content of re-
sidual carbohydrates. The relative abundance 
of lignin - derived products was decreased to ze-
ro at 330 °C in 2% NaOH and at 300−330 °C in 
4% NaOH as used kraft lignin, the most prod-
uct for kraft lignin is non-aromatic ketones 
[40]. Erdocia et al. presented the yield of cate-
chol was larger than 6% [37]. 
 
3.2 Acid-catalyzed Lignin Depolymerizations 
The first acid-catalyzed lignin hydrolysis re-
action was reported in 1924 [41], when Häg-
glund and Björkman distilled lignin with 12% 
hydrochloric acid to obtain thiobarbituric acid, 
phloroglucinol, and barbituric acid. Recently, 
different types of mineral acids, Lewis acids, 
zeolites, acidic ionic liquids, as well as organic 
acids have been tested for hydrolysis of lignin 
and the related model compounds [32]. Acid 
catalyst, commonly used for dealkylation of ar-
omatics, is one of the several options for depol-
ymerizing lignin [42]. The choice of the solvent 
plays an important role in determining the 
ability of a Lewis acidic salts to depolymerize 
lignin. Therefore, Güvenatam et al. studied 
about performance of metal acetate, chlorides 
or triflates was very poor, when lignin upgrad-
ing was carried out in supercritical water. The 
reactions with alcohol solvents, particularly in 
ethanol, lead to a much deeper lignin depoly-
merization. The addition of small amounts of 
water to the organic solvent can improve all 
the performance with significance [43,44]. 
The conversion of lignin with solid acid cat-
alyst under inert atmosphere to value added 
aromatics was exceptionally obtained high 
yields of 60% and 95±10% mass balance [45]. 
The acid-catalyzed depolymerization also fo-
cused on the cleavage of -O-4 bond of the lig-
nin, and the reaction was completed for 2 to 4 h 
of the reaction. Formic acid or other acids pro-
vided hydrogen sources in the hydrolysis with 
the purpose of forming H3O+ on the -O-4 bond 
or the cationic aromatic rings. The function of 
co-catalysts was usually to increase the selec-
Lignin 
Reaction 
Condition Major Product 
Yield 
(wt%) 
Ref 
Acid Catalyst 
Alcohol Aqueous 
Solution  T (°C) P (atm) 
Wheat straw lignin 10 wt% formic acid 
77 wt% ethanol 
360 246.7 methoxyphenols 
catechols 
phenol 
1.3 
0.5 
0.3 
[19] 
Wheat straw lignin 10 wt% formic acid 
77 wt% ethanol 
380 246.7 methoxyphenols 
catechols 
phenol 
2.0 
1.7 
1.5 
[19] 
Wheat straw lignin 10 wt% formic acid 
81 wt% ethanol 
380 246.7 methoxyphenols 
catechols 
phenol 
2.9 
1.5 
2.0 
[19] 
Organosolv lignin 10 wt% catalyst NiCl2, 
FeCl3 
305 NA ether soluble prod-
uct 
NA [32] 
Alcell lignin HZSM-5 500 NA gasoline range 
hydrocarbon 
NA [32] 
Dealkaline lignin HUSY, HZSM-5, 
HMOR, Clay K10, etc. 
250 NA aromatic monomer NA [32] 
Bjorkman lignin Mineral acid NA NA ether-soluble prod-
uct 
NA [32] 
Bjorkman lignin CF3SO3H NA NA destructed lignin NA [32] 
Wheat straw Ga(OTf)3 160 NA ethanol – soluble 
products 
NA [32] 
Woody mass Hydrochloric acid 120 NA aromatic mole-
cules 
NA [32] 
Table 3. Acid-catalyzed lignin depolymerization. 
NA: Data Not Available. 
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tivity [19]. Roberts et al. studied about hydro-
lyzed benzyl phenyl ether in both sub- and su-
percritical water at 320 °C, the conversion 
reached 96% after 30 min, whereas at 270 °C, 
the reaction time is needed for 240 min to ob-
tain the conversion to reach 91%. At the high 
temperatures, primary products can rapidly oli-
gomerize to reduce the yields of phenolics. The 
hydrochloric acid gives satisfying results for 
guaiacol hydrolysis to catechol but there are 
some potential drawbacks (e.g. corrosion issues 
from low pH, postreaction neutralization, reuse 
of catalyst) to using hydrochloric acid [46]. Ta-
ble 3 lists that the effect of acid-catalyzed lig-
nin depolymerization with major product. The 
reaction temperature and pressure are high, 
even higher than those using base-catalyzed re-
action. The yield of small chemicals is lower 
than 3%. Acid-catalyzed method was investi-
gated at a higher temperature range in order to 
depolymerize lignin, 10 wt% of formic acid as-
sociated with 77 wt% of ethanol was employed 
at the reaction and the major products are 
methoxyphenols, catechols, phenols [47]. 
 
3.3 Metallic-catalyzed Lignin Depolymeriza-
tions 
Pepper et al. studied the influence of a few 
catalysts (Ni, Pd/C, Rh/C, Rh/Al2O3, Ru/C, 
Ru/Al2O3) on softwood lignin hydrogenation. 
The lignin was converted into the monomeric 
products 4-propylguaiacol and dihydroconiferyl 
alcohol under mild conditions (3.4 MPa, 468 K) 
[20]. The nickel catalyst provided a high con-
version of above 60% and a high selectivity of 
75 to 95% to guaiacols. More importantly, the 
reaction temperature was decreased to 200 °C 
from around 380 °C [19]. Table 4 indices the 
metallic-catalyzed lignin depolymerization with 
major product. The conventional catalysts are 
studied also for reductive lignin conversion. El-
liot published an early study in which a variety 
of commercial catalysts (Co-Mo, Ni-Mo, Ni-W, 
Ni, Co, Pd, and Cu-CrO) was screened for phe-
nol hydrogenation / hydrodeoxygenation activi-
ty; the sulfided Co-Mo catalyst provided the 
best results, giving the highest yield of benzene 
(34%) at 673 K [20,48]. 
An iron(II) sulfide catalyst with a co-
catalyst of at least one sulfide of copper, silver, 
tin, cobalt, chromium, nickel, zinc, or molyb-
denum (e.g. Fe-S-Cu-Zn in a ratio of 10:12:1:1) 
was used, and the high yields of monomeric 
phenols were in part caused by alkylation of 
the phenolic solvent during the process, but 
nonetheless a lignin derived phenol yield of 
21% was obtained [20]. 
3.4 Pyrolysis of Lignin 
Pyrolysis of lignin has received more inter-
est in recent decades, moreover to the develop-
ment of new technological concepts and pro-
cesses for obtaining high yield of liquid prod-
ucts and developing new methods for catalytic 
upgrading of pyrolysis fluids, to improve their 
quality for use as fuels or source of chemicals. 
The new analytical techniques were also devel-
oped to help understand the mechanisms of 
formation, as well as the composition of the liq-
uid products [50]. Pyrolysis is a thermal de-
composition of the biomass (or lignin) in the ab-
sence of oxygen, with or without any catalyst 
usually at the temperature between 300 and 
600 °C [29].  
The degradation reactions during pyrolysis, 
such as: depolymerization, hydrolysis, oxida-
tion, dehydration, and decarboxylation, leads 
to a complex composition of oils that provides 
the potential chemicals; however, the challenge 
is the economical separation of products for the 
chemicals and the liquid fuels markets [50]. 
The pyrolysis method is used for commercial 
production of a wide range of fuels, solvents, 
chemicals and other products from biomass 
feedstock. Pyrolysis processes may be conven-
tional or fast pyrolysis, depending on the oper-
ating conditions that are used. 
 
3.4.1 Conventional pyrolysis 
Conventional pyrolysis consists of the slow, 
irreversible, thermal decomposition of the or-
ganic components in biomass [51]. Convention-
al slow pyrolysis has been applied for thou-
sands of years and mainly used to produce 
charcoal. In slow wood pyrolysis, biomass is 
heated to 500 °C. The vapor residence time 
varies from 5 min to 30 min. Vapors do not es-
cape as rapidly as they do in fast pyrolysis. 
Thus, components in the vapor phase continue 
to react with each other as the solid char and 
any liquid are being formed. The heating rate 
in conventional pyrolysis is typically much 
slower than that in fast pyrolysis. A feedstock 
can be held at constant temperature or slowly 
heated. Vapors can be continuously removed as 
they are formed. Vacuum pyrolysis at slow or 
fast heating rates is another variant [52]. Ta-
ble 5 lists the pyrolysis method and their vari-
ants. Uçar and Karagöz studied the effect of 
temperature on the product distribution in the 
slow pyrolysis of pomegranate seeds in a fixed-
bed reactor [53]. They could obtain the high liq-
uid content (>50%) but the biooil content was 
not high. The solid residue was slightly 
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Lignin Metallic Catalyst 
Reaction Condition 
Major Product Ref. 
T (°C) P (atm) 
Lignin Cu-CrO 260 217.1 
  
methanol, 
4-n-propylcyclohexanol, 
4-n-
propylcyclohexanediol, 
glycol 
[20] 
Dimeric species Fe2O3, Al2O3 450 493.4 benzenes, monophenols, 
dimers 
[20] 
Organosolv lignin Co-Mo, Al2O3 450-400 69.0 Insoluble residue [20] 
Organocell lignin Fe2O3 380 98.6 oils [20] 
Depolymerized lig-
nin 
Co-Mo, Al2O3 350-375 98.6-148 toluene, ethylbenzene, 
xylene, Trimethylben-
zenes, alkylbenzenes 
[20] 
Organocell lignin Ni-Mo, Al2O3 400-375 98.6-177.4 phenol, cresols, al-
kylphenols 
xylenols, guaiacol 
[20] 
Organocell lignin Ni-Mo, zeolite 380 98.6 oils [20] 
Organocell or Kraft 
lignin 
Ni-Mo, SiO2-Al2O3 or 
zeolite 
400 98.6 oils [20] 
Kraft lignin NiCl2-ZSM-5 700   heavy oil (34.5 wt%), 
light oil (11.5 wt%) 
[49] 
Kraft lignin (1) Si-Al catalyst/ 
H2O/butanol 
(2) ZrO2-Al2O3-FeOx 
200-350 
 
300 
10.8-226.9 phenols [20] 
Organosolv 
switchgrass lignin 
16 wt% formic acid 
4 wt% Pt/C 
80 wt% ethanol 
350 NA 4-propylguaiacol, 4-
Methylguaiacol 
[19] 
Acidic hydrolysis 
spruce lignin 
4.4 wt% formic acid 
0.15 wt% Pd catalyst 
0.94 wt% Nafion 
SAC-13 
300 NA guaiacol 
pyrocatechol 
resorcinol 
[19] 
Enzymatic hydroly-
sis spruce 
lignin 
4.4 wt% formic acid 
0.15 Pd catalyst 
0.94 wt% Nafion 
SAC-13 
300 NA guaiacol 
pyrocatechol 
resorcinol 
[19] 
Kraft spruce lignin 4.4 wt% formic acid 
0.15 wt% Pd catalyst 
0.94 wt% Nafion 
SAC-13 
300 NA guaiacol 
pyrocatechol 
resorcinol 
[19] 
Lignosulfonate Ni/C, NiLa/C, 
NiPt/C, NiCu/C, 
NiPd/C, and NiCe/C 
200 NA guaiacol [19] 
Organosolv olive 
tree pruning lignin 
Ni, Pd, Pt, or Ru sup-
ported by mesoporous 
Al-SBA-15 
140 NA diethyl phthalate [19] 
Table 4. Metallic-catalyzed lignin depolymerization. 
NA: Data Not Available. 
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changed when the reaction temperature was 
larger than 500 °C. 
 
3.4.2 Fast pyrolysis  
Fast pyrolysis is a high-temperature process 
in which biomass is rapidly heated in the ab-
sence of oxygen [52]. Short residence time py-
rolysis (fast, flash, rapid, ultra-pyrolysis) of bio-
mass at moderate temperatures has generally 
been used to obtain high yield of liquid prod-
ucts. Fast pyrolysis is characterized by high 
heating rates and rapid quenching of the liquid 
products to terminate the secondary conversion 
of the products [54]. The liquid fraction is a 
complex mixture of water and organic chemi-
cals [51]. The cleavage of OH functional group 
linked to aliphatic side chain, the breaking of 
alkyl side chain, aryl ether, and linkage be-
tween aromatic rings occur when temperature 
increases, forming a mixture of phenol, guaia-
col, syringol, and catechols. Moreover, the aro-
matic ring cracking was occurred at above 500 
°C [19]. Fast pyrolysis uses much faster heat-
ing rates than traditional pyrolysis. Advanced 
processes are carefully controlled to give high 
liquid yields. four essential features of a fast 
pyrolysis process was used: (i) very high heat-
ing and heat transfer rates are used, which 
usually requires a finely ground biomass feed, 
(ii) a carefully controlled pyrolysis reaction 
temperature is used, often in the temperature 
range of 425-500 °C, (iii) short vapor residence 
times are used (typically < 2 s), and (iv) pyroly-
sis vapors and aerosols are rapidly cooled to 
give bio-oil [52]. In general, fast pyrolysis pro-
cesses produce 60-75 wt% of liquid bio-oil, 15-
25 wt% of solid char, and 10-20 wt% of no con-
densable gases. Charon et al. reported that 
they obtained high percentage of liquid product 
but including high water content in a fluidized 
bed reactor [55] (Table 5).  
Recently, the technology of pyrolysis has 
been developed due to its advantages of materi-
als adaptability, product diversity, reaction 
Feedstock’s T (°C) 
Product (%) Unidentified1/ 
bio-oil2/water 
content3 (%) 
Reactor 
Inert 
gas 
Heating 
ramp 
Ref. 
Gas  Liquid  Solid  
Solid lignin residue 375 0.46 1.73 87.4 10.41 pyroprobe N2  150 K/min [57] 
Solid lignin residue 440 5.39 2.67 80.6 11.41 pyroprobe N2 150 K/min [57] 
Solid lignin residue 500 6 10.7 64.3 18.91 pyroprobe N2 150 K/min [57] 
Ethanol organosolv 
lignin 
375 0.04 0.38 87.2 12.41 pyroprobe N2 150 K/min [57] 
Ethanol organosolv 
lignin 
440 0.36 1.01 82.9 15.71 pyroprobe N2 150 K/min [57] 
Ethanol organosolv 
lignin 
500 0.75 4 81.9 13.31 pyroprobe N2 150 K/min [57] 
Alkaline lignin 650 47.8 39.5 12.7 NA coil pyrolyzer NA NA [58] 
Lignin B 650 29.3 0.2 24 46.51 curie point 
pyrolyzer 
He NA [59] 
Hardwood 470 12.3 38.8 15.1 30.43 fluidized bed N2 NA [55] 
Softwood 470 9.5 44.1 25.8 30.03 fluidized bed N2 NA [55] 
Straw 470 15.8 15.7 25.8 42.83 fluidized bed N2 NA [55] 
Softwood Kraft Lig-
nin 
NA 21.4 36.1 42.5 NA microwave NA NA [60] 
ALM Lignin 500 5.7 19.8 40.9 11.42 instrument 
pyroprobe 
NA NA [61] 
Softwood bark resi-
due 
500 27.4 45 27.4 132 continues and 
batch reactor 
NA NA [62] 
Hardwood rich in 
fibers 
500 19.9 53.9 26.2 132 continues and 
batch reactor 
NA NA [62] 
Pomegrate 400 16.3 42.2 41.5 8.882 fixed Bed N2 NA [53] 
Pomegrate 500 16.1 54 29.8 21.32 fixed Bed N2 NA [53] 
Pomegrate 600 16.5 54.2 29.3 22.22 fixed Bed N2 NA [53] 
Pomegrate 800 20.1 52.1 27.9 21.52 fixed Bed N2 NA [53] 
Kraft lignin 627-967  32-40 17-2 21-27 15-202 microwave NA NA [63] 
Read Oak 500 11.6 61.1 13.2 14.11 fluid bed  N2 NA [64] 
NA: Data Not Available; 1Unidentified; 2Bio-oil; 3Water content 
Table 5. Summary of product distribution of biomass pyrolysis for different reaction conditions. 
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rate and conversion yield [56]. The main reac-
tion during pyrolysis process is the stage of de-
hydration process by then, the kinetically is 
controlled by an energy barrier for instance the 
water evaporation or water diffusion. The 
range of decomposition process of pyrolysis is 
200–500 °C and the last stage of pyrolysis pro-
cess is final char formation. In this stage, the 
poly-cyclic aromatic hydrocarbon (PAH) is ex-
tremely dominant via radical mechanisms [7]. 
The earlier literature usually relates pyrolysis 
to carbonization, in which the initial product is 
a solid char [52]. In Table 5, if the pyrolysis of 
solid lignin residue was used the operation con-
ditions by pyroprobe reactor presented by Cho 
et al. the solid residue will be 68–87% 
(unreacted lignin and solid polyaromatic prod-
ucts) because a high concentration of pyrolysis 
vapors form in the pyroprobe which induces 
further repolymerization or condensation. 
Moreover, the gas products distribution are 
carbon dioxide and carbon monoxide, with the 
percentage of gas products less than 6%. On 
the other hand, ethanol organosolv lignin had 
Feedstock Methods T (°C) Product 
Water 
content 
(%) 
Ref. 
Softwood Kraft lignin Microwave-pyrolysis 
Karl Fischer 
NA Light bio-oil 78 [60] 
Softwood Kraft lignin Microwave-pyrolysis 
Karl Fischer 
NA Heavy bio-oil 14 [60] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
627 Aqueous phase 91 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
707 Aqueous phase 76 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
792 Aqueous phase 90 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
877 Aqueous phase 78 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
967 Aqueous phase 73 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
627 Oil Phase 10 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
707 Oil Phase 21 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
792 Oil Phase 14 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
877 Oil Phase 14 [63] 
Kraft lignin Microwave-pyrolysis 
Karl Fischer 
967 Oil Phase 12 [63] 
Red Oak Bed fluidization 
Karl Fischer 
NA Bio-oil 26.8 [64] 
Forest residue-derived Karl Fischer NA Bio-oil 25.6 [72] 
Pine-derived Karl Fischer NA Bio-oil 24.9 [73] 
Air-dried switchgrass Schott TitroLine Karl 
Fischer 
NA Crude bio-oil 43.3 [73] 
Air-dried switchgrass Schott TitroLine Karl 
Fischer 
NA Aqueous phase 92.2 [73] 
Air-dried switchgrass Schott TitroLine Karl 
Fischer 
NA Organic phase 15.9 [73] 
Rape straw Karl-Fischer 550 Light phase 52.2 [74] 
Rape straw Karl-Fischer NA Heavy phase 13.1 [74] 
Raw-Rice straw Karl-Fischer NA Bio-oil 49.4 [75] 
Bamboo Karl-Fischer NA Bio-oil 40 [76] 
NA: Data Not Available. 
Table 6. Summary of water content from liquid product pyrolysis. 
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fewer - gas production than solid lignin residue 
at the same pyrolysis conditions. The amount 
of  12 to 30% of carbon was collected as liquid 
product [57]. 
Pilot scare process was used to determine 
product distribution [65-67]. Matos et al. indi-
cated that the higher water content of aqueous 
extract had a negative effect for its application 
as fuel [65]. Lee studied the effect of products 
yield from biobutanol process derived lignin py-
rolysis bench scale fixed bed and rotary kiln re-
actor with the flow rate 100 g/h at 600 °C. The 
yield of bio oil using fixed bed and rotary kiln 
are 33.9 wt% and 31.6 wt%, respectively and 
water content in bio oil are 25.3 wt% and 10.0 
wt%, respectively. The amount of gas and char 
for both reactors are 28.4 and 26.3 wt%; 37.70 
and 42.1%, respectively [11]. Moreover, Matos 
already studied the pilot – scaled fast pyrolysis 
conversion of eucalyptus wood fines into prod-
ucts which total sulfur from bio oil and aqueous 
extract were 85 and 76 mg/kg, respectively, and 
total density were 122.6 and 1102 kg/m3 at 20 
°C [65]. The strong acidity of bio-oils makes 
them extremely unstable because of their com-
plex compositions, which start boiling below 
100 °C to stop at 250–280 °C, leaving 35–
50 wt% as solid residues. Therefore, bio-oils can 
not be used in the instance of complete evapo-
ration before combustion [68]. The pyrolysis of 
lignin is produced water formation and auto-
matically from into two phases. Table 6 lists 
the summary of water content from liquid prod-
uct pyrolysis. The water content was high in 
the product of lignin depolymerization. Farag et 
al. had been investigation about the formation 
of water in pyrolysis process, the upper layer 
(light bio oil) is mostly water (78% determined 
by Karl-Fischer titration), while the bottom 
layer (heavy bio-oil) contains a lot of phenols 
and much less water (14% determined by Karl 
Fischer titration) [60]. Water in liquid products 
affects the initial moisture in the feedstock be-
cause of the dehydration reactions happening 
during pyrolysis.  
The presence of large amounts of oxygen 
content in biomass makes higher water content 
in product brown solid and lignin pyrolysis. 
The oxygen content reacts with hydrogen dur-
ing the pyrolysis of biomass, thus making the 
production of water. However, increasing trend 
of water could be explained on several reasona-
ble reactions between the organic chemicals, 
such as esterification of alcohols with acids, the 
production of acetals in aldehydes or ketones 
and alcohols, and polymerization of phenols 
with aldehyde hydrates, each of which could 
provide water [69]. 
The start of thermal decomposition for hem-
icellulose happens at lower temperatures than 
that for crystalline cellulose [52]. Bio-oil from 
lignocellulosic biomass pyrolysis includes more 
crucial water content (15-30%) [68] than that 
from lignin pyrolysis (8-15%) [32,70]. The dehy-
dration reactions happen significantly during 
the decomposition of cellulose and hemicellu-
lose. They are two primary compounds in the 
lignocellulosic biomass [70] to produce an-
hydrocellulose and levoglucosan necessarily. 
Degradation of hemicellulose yields essentially 
acetic acid and furan derivatives. The water in 
liquid product is originated from both a dehy-
dration reaction of organic compounds (mainly 
cellulose and hemicellulose) and free water 
(moisture) in the biomass [71]. 
 
3.5 Hydroprocessing  
Hydroprocessing involves thermal reduction 
of the feed by hydrogen. It is one of the most 
popular and efficient strategies applied in de-
construction of lignin into components, such as: 
low depolymerized lignin, phenols, and other 
valuable chemicals, and upgrading of the small 
compounds to hydrocarbon fuels. The reaction 
types of hydroprocessing include hydrogenoly-
sis, hydroalkylation, hydrodeoxygenation, hy-
drogenation, and integrated hydrogen-related 
reactions [32]. Mäki-Arvela and Murzin re-
viewed the hydrodeoxygenation (HDO) of bio-
oils, lignin, and their model compounds to-
wards industrial application [77]. Delledonne 
et al. studied about process for converting lig-
nin to liquid hydrocarbons by hydrogenation. A 
lignin in the presence of at least one hydrogen-
olysis catalyst, selected from supported cata-
lysts, such as: M1/C, M1/Al2O3, M2/SiO2, 
M2/Al2O3 where, M1 is a metal selected from 
the group consisting of palladium, ruthenium, 
and platinum, and M2 is nickel, to obtain a de-
polymerized lignin at 250-350 °C. Shiman-
skaya et al. reported the highest selectivity to-
wards the oxygen free hydrocarbons (96%) at 
the maximal conversion (68%) of lignin- con-
taining material was reached in the presence of 
5% Pt/MN-270 catalyst [78]. 
 
3.6 Gasification  
Gasification represents a process that con-
verts lignocellulosic materials into CO2, CO, 
and H2 at the temperature between 700 and 
1000 °C. The mixtures of the gases are referred 
to as “syngas”, which is the only useful product 
from the process [29]. Assuming a gasification 
process, the first step of the process is a ther-
mochemical decomposition of the lignocellulosic 
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compounds with production of char and vola-
tiles. Further the gasification reactions were 
shown in Equations (1)-(4) [79]. 
 
C + H2O  CO + H2 (1) 
C + CO2    2CO (2) 
CO + H2O  H2 + CO2 (3) 
CH4 + H2O  C +  () 
 
The main gaseous products from biomass are: 
 
Pyrolysis of biomass → H2 + CO2 
+ CO + hydrocarbon gases (5) 
Catalytic steam reforming of biomass → 
H2 + CO2 + CO (6) 
Gasification of biomass → H2 + CO2 
+ CO + N2 (7) 
 
Heat to drive gasification reactions is gener-
ated in two ways: (i) indirect gasification, 
where heat is generated outside the  gasifier  
and  transferred  into  the  gasifier,  or  (ii) di-
rect gasification, where  the  heat  is  generated  
by  exothermic combustion  and  partial  com-
bustion  reactions  inside  the gasifier [29]. The 
gasification of biomass is a thermal treatment, 
which results in a high production of gaseous 
products and small quantities of char and ash 
[79] which is the purpose of process  biomass 
gasification to synthesize gas production  
(syngas) and to obtain high-valued chemicals, 
such as gasoline, diesel fuel and jet fuels [67]. 
By comparison to traditional gasification which 
it consumed bunch of energy for biomass depol-
ymerization, supercritical water (or hydrother-
mal) gasification is quite effective to save ener-
gy with no further requirement of biomass dry-
ing. Lignocellulose biomass compounds can 
break down into small molecules throughout 
supercritical water gasification (SCWG) to pro-
duce synthesis gas or syngas [80]. Syngas is 
produced by gasification process. The mixture 
product of gasification process has large 
amount of organic impurities called tar. In gen-
eral, tar is determined as a complex mixture of 
condensable hydrocarbons, comprising a single 
ring to 5-ring aromatic compounds and other 
oxygen-containing organic molecules [81]. 
The larger H2 form in SCWG is related to 
the water excess that encourages both steam 
reforming and water gas shift reactions leading 
to a hydrogen-rich stream with poor CO con-
tent. The biomass has large water content up to 
95% and before gasification process, it required 
to dry. Hence, it need more expense for pre-
treatment. On the other hand, SCWG technolo-
gy took a part with highly wet biomass, and 
contributed with reducing the drying expense 
rather than the conventional gasification [82]. 
Cao studied regarding co-gasification of plastic 
wastes and soda lignin in supercritical water. 
The gasification process by different types of 
plastic showed that the sequence of polymer 
gasification efficiencies was PE > PC > PP > 
ABS. Besides that, the carbon gasification effi-
ciency (CE) of PE was the highest (53.27%), 
which was almost twice of that of ABS 
(29.81%). Moreover, the addition of soda lignin 
improved the number of carbon gasification ef-
ficiency with plastics. The CE of PE, PP, PC 
and ABS were enhanced from 53.27%, 41.05%, 
43.70% and 29.81% to 70.85%, 63.01%, 60.25% 
and 36.73% respectively because of soda lignin 
addition which provided the alkali salts as well 
as a catalyst to promote the gasification [83]. 
 Oxidative depolymerization of lignin is a 
valorization strategy that focuses on producing 
polyfunctional aromatic compounds. The oxida-
tion products of lignin are mainly polyfunction-
al monomeric compounds, ranging from aro-
matic aldehydes to carboxylic acids, such as: 
vanillin, syringaldehyde, 4-hydroxy-
benzaldehyde, and muconic acid, which are al-
ternative to fossil fuels derived chemicals [32]. 
 
4. Specific Chemicals Converting from 
Lignin  
4.1 Highly Selective BTX by Catalytic Pyroly-
sis Process 
The aromatics of benzene, toluene, and xy-
lene (BTX) are the lowest molecular weight ar-
omatic hydrocarbon. They used large scale 
chemical feedstock. BTX was obtained commer-
cially by pyrolysis of coal, since World War II, 
the production of BTX has been intimately con-
nected with the production of gasoline. BTX 
constitutes part of an important gasoline com-
ponent is called reformate. Reformate is highly 
valued for gasoline because it has a very high 
octane rating [84,85]. Approximately 70% of 
the world’s benzene, toluene, and xylenes sup-
ply come from petroleum naphtha, followed by 
pyrolysis gasoline by-product from ethylene 
plants at 23% and coal liquids from coke ovens 
at 7% [86]. 
The most important applications of benzene, 
such as: styrene, phenol, nylon, and aniline 
production. Toluene is typically blended into 
unleaded gasoline. Most toluene is produced for 
non-fuel consumption is used for conversion in-
to benzene and xylenes, while the second larg-
est end use is for solvent applications. Ortho-
xylene is used to produce phthalic anhydride, 
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while meta-xylene is converted into isophthalic 
acid. Para-xylene is the most valuable xylene 
isomer and is converted into terephthalic acid 
and dimethyl terephthalate, which are ulti-
mately used to produce polyethylene tereph-
thalate (PET) fibers, resins, and films. The 
world demand for benzene, para-, ortho-, and 
meta-xylene was approximately 40, 26, 6, and 
0.4 million metric tons per year at 2005 - 2008 
[87]. 
Table 7 lists the summary of BTX produc-
tion through lignin depolymerization, which re-
action time is above 500 °C. There are many 
methods to produce BTX from lignin  or tar but 
one of the process is catalytic pyrolysis process 
[88]. Zeolites are effective catalysts to remove 
oxygen and produce desired products from bio-
mass, resulting in increased C/O ratio. Also sig-
nificant progress has been made in the catalyt-
ic upgrading of bio-oil into fuels and chemicals 
[58]. Thring et al. reported the production of 
gasoline-range hydrocarbons from Acell lignin 
using H-ZSM5 as a catalyst in a fixed bed reac-
tor, and the highest yield of liquid (43 wt% of 
lignin) was obtained at 550 °C [89]. Mullen and 
Boateng pyrolyzed four different lignin sources 
over H-ZSM5 and CoO/MoO3 catalysts, and 
found that the H-ZSM5 catalyst was the most 
effective for the conversion of lignin into aro-
matic hydrocarbons [34]. 
Zhao et al. studied that the selectivity to ar-
omatic hydrocarbons was more than 87% dur-
ing high temperature pyrolysis of isolated lig-
nin after low temperature pyrolysis over a 
ZSM5 catalyst [90]. Jackson et al. studied fast 
pyrolysis of Asian lignin with five catalysts and 
found that HZSM-5 was the best catalyst for 
producing deoxygenated liquid products. How-
ever, they did not quantify the product yields 
[91]. Xiangyu et al. investigate the effect of 
HZSM-5 catalyst. The presence of HZSM-5 cat-
alysts dramatically changed the product distri-
bution. The catalytic fast pyrolysis of Kraft lig-
nin with HZSM-5 zeolite could produce a varie-
ty of valuable chemicals, such as: BTX, ethene, 
and propene. The selectivity of benzene, tolu-
ene, and xylene is 15-25% for the two lignin 
samples [59]. Elfadly et al. studied about the ef-
fect of selectivity of BTX with ratio catalyst 
MCM-48, Al/MCM-48, and Zr/MCM-48. The lig-
nin was pyrolyzed over MCM-48 support loaded 
with different amount of Al3+ or Zr4+ metals to 
produce aromatic hydrocarbon, especially BTX. 
The yield of BTX increased from 17.0% in case 
of MCM-48 to 32.5% in case of 8.4%-Al/MCM-
48 and 49.4% in case of 2.9%-Zr/MCM-48 due to 
the enhanced acidity of the catalyst [92]. The 
co-hydropyrolysis of rice husk  and thermo-
plastic bituminous coal was carried out using a 
fixed-bed reactor, and promoted the higher 
heating value of gaseous product and the yield 
of BTX by 19% and 57%, respectively [93]. Bi et 
al. [94] used HZSM-5, HY, and MCM-41 zeolite 
catalysts for the transformation of biomass tar 
to BTX aromatics selectivity of 92.9 C-mol% 
with 25.1 wt% yield at 400 °C. Che et al. [95]  
reported that appropriate amount (0.5 - 4 wt%) 
of loaded Zn species increased the strong acid 
site contents of the catalysts as well as BTX 
yields, and the highest yield (8%) of BTX was 
observed under Zn loading amount of 2 wt%. 
Up to 7 wt % of BTX were prepared by the cat-
alytic pyrolysis of black liquors (T = 500 – 600 
°C) using a Ga-modified H-ZSM-5 catalyst [96]. 
 
4.2 Terephthalic Acid Production  
Terephthalic acid (TPA) has wide utilization 
in the production of commonly used polyeth-
ylene terephthalate [101,102]. In the existing 
arts, TPA is mainly produced via the oxidation 
of fossil feedstocks, such as para-xylene [103]. 
Production of TPA from renewable biomass 
feedstock (e.g. lignin) has been attracting much 
research interest [104]. Settle et al. described 
TPA synthesis from biomass-derived aromatic 
compounds via isomerization, Diels-Alder reac-
tion with ethylene, and dehydrogenation [105]. 
Bai et al. reported that a synthetic pathway for 
the synthesis of TPA was generated from lig-
nin-based phenolic acids, which included hy-
drogenation, demethoxylation and carboxyla-
tion reactions that terephthalic acid was ob-
tained in 58.7% yield [106]. Song et al. reported 
the production of TPA from corn stover lignin 
[107]. They use a three-step strategy to pro-
duce terephthalic acid (TPA) from lignin-
derived monomer mixtures to produce corn-
stover-derived lignin oil with supported molyb-
denum catalyst. The generated 4-alkylphenols 
are converted into 4alkylbenzoic acids by car-
bonylation with carbon monoxide. The Co-Mn-
Br catalyst oxidized various alkylchains into 
carboxygroups, transforming the 4-alkyl-
benzoic acid mixture into a single product of 
TPA. The overall yields of TPA based on lignin 
content of corn stover could reach 15.5 wt%. 
 
5. Reactor Technology 
The goal of commercial catalytic process 
should be to convert the biomass feedstock effi-
ciently to a high – quality liquid in high quan-
tities such as [108]: the stabilization of the liq-
uid product by controlling the molecular size 
distribution and steering the oxygen function-
alities, the minimization of coke formation on 
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the catalyst, and the production aromatics. In 
order that, one need reactor technology to con-
vert lignin to bio-oil product. A variety of reac-
tor configurations have been investigated  and 
reported their advantage and disadvantage 
[109]. Table 8 lists that reactor type with heat-
ing method including fixed-bed, fluidized-bed, 
rotary kiln, microwave, and centrifuge reactors 
in the commercial application. Two main ways 
of heating biomass particles in a fast pyrolysis 
system can be considered: gas–solid heat trans-
fer as in an entrained flow reactor where heat 
is transferred from the hot gas to the pyrolysis 
biomass particle by primarily convection (for 
example the Georgia Tech Research Institute 
[110] or Egemin [111] processes), and solid–
solid heat transfer with mostly conductive heat 
transfer [112]. 
Bridgewater reported most of the known ac-
tivities in fast pyrolysis arranged by reactor 
type and maximum known throughput which 
were considerable growth and expansion of ac-
tivities with more innovation in the types of re-
actor explored by academic institutions [113]. 
The reactor includes the fixed-bed, moved-bed 
and fluidized bed reactors. Fluidized bed has 
the advantages of simple in construction and 
operation, good temperature control and very 
efficient heat transfer to biomass particles aris-
ing from the high solid’s density, which capaci-
ty can be reached 8000 kg/h. The microwave re-
actor is studied more in the recent develop-
ments in the microwave-assisted pyrolysis and 
solvolysis of lignin [114] (Tables 6 and 8). The 
microwave-assisted technology is an effective 
method for significantly reducing reaction time 
and improving the yields and selectivity of tar-
get products. 
Elfadly et al. used the catalytic fast pyroly-
sis to produce high selectivity BTX. The pyroly-
Reactor Type Method of Heating Company / Organization Refs. 
Ablative coil Wall heating Castle Capital, Colorado School Mines [112] 
Ablative mill Wall (disc) heating U. Aston, NREL [112] 
Auger kiln Wall heating U. Tubingen, WTC 
Abritech, Canada Lurgi LR, Germany 
Renewable Oil Intl, USA 
[112,113] 
Circulating fluid bed In-bed gasification of 
char to heat sand 
U. Tubingen, WTC [112] 
Fixed bed Combustion products 
Partial gasification 
Overfired gas 
Chemviron 
Alten 
Italenergie 
[112] 
Fluid bed Heated recycle gas 
Hot inert gas 
Partial gasification 
Fire tubes 
Union Fenosa 
Agritherm, Canada 
Biomass Engineering Ltd, UK  Dyna-
motive, Canada 
RTI, Canada 
[112,113] 
Horizontal bed Fire tubes AEI, Washtech [112] 
Multiple hearth Hearth heating U. Laval [112] 
Microwave   Carbonscape New Zealand & UK 
Bioenergy 2020 þ gmbh, Austria 
[113] 
Rotary kiln Wall heating Deutsche Babcock [112] 
Rotating cone Wall and sand heating U. Twente [112] 
Stirred bed Partial gasification Alten [112] 
Transported bed Recirculated hot sand Ensyn [112] 
Vacuum moving bed Direct contact with hot 
surface 
U.Laval+Pyrovac [112] 
Vortex 
Centrifuge reactor 
Ablative 
  PyTec, Germany [113] 
Table 8. Pyrolysis reactors and heating methods. 
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sis process was carried out using fixed-bed 
quartz reactor system [92]. Ma et al. had exper-
iments using a platinum coil pyrolizer (5150, 
CDS Analytical). The probe was a computer 
controlled resistively heated element (up to 
20,000 °C/s) which held an open ended quartz 
reactor [58]. Kouris et al. investigated the im-
pact of scaling at equal process conditions, as 
well as the influence of high lignin loadings, 
monomer yield, solvent losses and catalyst foul-
ing, of all which being important performance 
parameters for industrial operation [115]. The 
ratios (g/g) of yield over total feed, and yield 
over solvent losses are presented as qualitative 
indicators for capital expenditure (CAPEX) and 
operational expenditure (OPEX), respectively. 
Until now, it is highlighted that the bio-tar 
was obtained from biomass or lignin but the 
product distribution is complicate and broad. 
Each product concentration is low, especially, 
the water content is high in the presence and 
absence of catalyst. Hence, if pyrolysis (even 
fast pyrolysis) used in this reaction system, it 
cannot get specific compound or high concen-
tration product. Hence, new specific catalyst 
and new reaction type must be used, and then 
have a chance to replace petroleum oil in the 
future bio refineries. 
For the specific compound, e.g. BTX, the 
candidate catalyst can be used for depolymeri-
zation is MCM–48, which is highly selectivity 
of BTX with ratio catalyst MCM-48, Al/MCM-
48, Zr/MCM-48. The yield of BTX was in-
creased to 49.4% in case of 2.9%-Zr/MCM-48 
due to the enhanced acidity of the catalyst. The 
yields of TPA from corn stover lignin with sup-
ported molybdenum catalyst. could reach 15.5 
wt%. 
 
6. Conclusion 
Depolymerization of lignin is promising 
method to degrade lignin into value added 
products. There are so many ways to decompo-
sition lignin, such as: base – catalyzed lignin, 
acid catalyzed, metallic catalyzed, pyrolysis of 
lignin, hydroprocessing, gasification and oxida-
tion. The different kind of source of lignin will 
affect on the products distribution. Further-
more, the pyrolysis of lignin is produced water 
formation and it automatically from into two 
phases for instance water and oil content. Be-
cause of low product yield, in the future, (i) low-
cost catalysts and or new reaction type (e.g. mi-
crowave-assisted reaction unit) need to be de-
veloped to achieve large-scale production of re-
newable fuels and value-added chemicals from 
lignin, and (ii) new reaction path (type) will be 
developed to produce the specific chemicals 
(e.g. BTX, PTA). 
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